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Abstract 
Thicknesses-dependent performance of metal–two-dimensional (2D) semiconductor junctions (MSJ) 
in electronics/optoelectronics have attracted increasing attention, but till present, people have little 
knowledge about the micro-mechanism of the thicknesses (or layer-number) dependence. Here, by 
first-principles calculations based on density functional theory, we show that the Fermi-level pinning 
(FLP) factor of MSJ depends sensitively on the layer-number of few-layer 2D semiconductors, and, 
an extended FLP theory is proposed for metal–2D multilayered semiconductor junctions (MmSJ). 
Taking multilayered MoS2 as a typical example for van der Waals (vdW) semiconductor in MmSJ, 
the extended FLP theory has the following character: strong pinning right at the metal–1st-layer 
semiconductor interface while depinning occurs between MoS2 layers. This depinning effect between 
vdW layers has several important consequences: 1) the overall pinning in MmSJ is greatly weakened; 
2) p-type contact, rarely obtained in metal–monolayer MoS2 junctions, becomes favored in MmSJ, 
which is important for CMOS logical devices; 3) depinning between MoS2 layers result in type II 
band alignment in MoS2 ‘homojunction’ supported on metals, which is useful for optoelectronics. 
Moreover, our extended FLP theory sheds light on the recent controversial experimental observation 
and paves a new and universal route to type II band alignment in vdW ‘homojunctions’.  
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1. Introduction 
Semiconductors have been at the heart of electronic/optoelectronic devices over decades. As a typical 
example for van der Waals (vdW) semiconductor, two dimensional (2D) layered MoS2, which 
possesses sizable band gap [1,2], high on/off current ratio [3] and high room-temperature carrier 
mobility [4-6], has proved highly promising for the construction of electronic/optoelectronic devices. 
However, a bottleneck problem in 2D MoS2 (and other 2D semiconductors) device applications is the 
unexpectedly high electrical contact resistance resulted from Fermi-level pinning (FLP) in 
three-dimension (3D) metal–2D MoS2 junctions [7,8]. Although different interface engineering ways 
or using 2D metal are proposed to reduce FLP [9-11], the relative simple traditional 3D metal-2D 
semiconductor junction without further engineering (such as insertion an insulator layer) are widely 
concerned since the simple process, easy operation and stable structures [12]. The most important 
parameter for contact resistance in a metal-semiconductor junction (MSJ) is the Schottky barrier 
height (SBH), which can fundamentally determine charge transport efficiency and affect device 
performance [13]. Unfortunately, the knowledge about the micro-mechanism of SBH at MSJ and the 
related FLP theory is still incomprehensive and needs to be elucidated. 
The mechanism of SBH and pinning factor S (which describes the strength of FLP and the 
difficulty of tuning SBH by changing metal work-functions) [14] in metal–monolayer MoS2 
heterojunctions have been studied intensively [3,15-18]. However, almost no one is aware of the 
impact of MoS2 thickness (or layer-number) on pinning factor S, which subsequently affected SBH. 
Although, thicknesses-dependent performance in metal–multilayered semiconductor junctions 
(MmSJ) have attracted increasing attention [12,19-28], clear explanations about 
layer-number-dependent FLP mechanism and pinning factor S have not been reported till present. 
Theories derived from 3D metal-monolayer MoS2 junctions (MSJ) are used to explain the 
layer-number-dependent performance in (MmSJ), which may lead to confusing understandings. 
To solve the above problem, in the current work, an extended FLP theory is proposed for MmSJ, 
namely, the Schottky barrier height/type and the pinning factor S is layer-number dependent. From 
literature, strong pinning (S ≅  0.3) in 3D metal-monolayer MoS2 junctions (with ideal 
interface)[4,17,27] is widely accepted; while very recently, S ≅ 1 for 3D metal-multilayered MoS2 
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junctions is reported in experiment [12], which means that the Schottky–Mott limit without pinning 
is obtained. The reason why pinning factor S undergoes such a huge transformation and why the FLP 
goes from strong for monolayer to weak for multilayer is the depinning effect between the van der 
Waals MoS2 layers, which is summarized below. 
 
FIG. 1. Strong pinning right at the metal–1
st
-layer MoS2 interface but depinning between MoS2 layers. (a) 
Sketch maps of depinning effect in metal-7L MoS2. (b) Band alignment in a metal–7L MoS2 junction. 𝛷B
e/𝛷B
h is 
the Schottky barrier height for electrons/holes, respectively. 𝛷M is the work functions of clean metal surface. 
ΔVM/S is the potential step at the metal–MoS2 interface, and ∆𝑉𝑛−1,𝑛 (subscript 𝑛 denotes the 𝑛
th MoS2 layer) is 
the band offsets between MoS2 layers.  
The strong pinning right at the metal-MoS2 interface and depinning between the van der Waals 
layers of MoS2 are sketched in Figure 1. In Figure 1b, the band alignment of each layer in the metal–
7L MoS2 junction is shown. The first MoS2 layer is strongly pinned due to metal-induced-gap-states 
and interface dipole [4,29]. In the subsequent MoS2 layers away from the metal surface, the pinning 
effect is gradually removed due to a depinning effect occurs between MoS2 layers, which results in 
the band offsets ∆𝑉𝑛−1,𝑛 in conduction band minimum (CBM) between MoS2 layers. For valance 
band maximum (VBM), the band offset is not so obvious due to the indirect band character of 
multilayer MoS2 (see last paragraph in part B in Section II). The depinning effect decays as the MoS2 
layer far away from the metal surface (decays to zero at about the 5
th
 MoS2 layer from our 
first-principles calculation, as sketched in Figure 1a & 1b). The depinning effect between MoS2 
layers results in the overall weakened pinning in MmSJ. Detailed discussions are given in the Section 
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below. 
2. Results and Discussion  
A. Layer-number dependent pinning factor S and n- to p-type contact transition 
The pinning factor, S, which describes the strength of FLP, is defined as the slope of the 
𝛷𝐵-versus-𝛷𝑀 for a given semiconductor with a set of metals: 
𝑆 = |
d𝛷𝐵
𝑑𝛷𝑀
|              (1), 
where 𝛷𝐵 is the SBH and 𝛷𝑀 is the metal work function. As defined, S characterizes the difficulty 
of changing SBH by metal work function. Two extremums, 1 and 0, of S represent no pinning 
corresponding to Schottky-Mott limit [30] and the strong pinning (Schottky barrier does not change 
with the metal work function) corresponding to Bardeen limit [31], respectively. In Schottky-Mott 
limit, the SBH 𝛷𝐵 is obtained by band alignment of the non-interacting subsystems: 
𝛷B
e = 𝛷M − 𝐸𝐴 ;  𝛷B
h = 𝐼𝑃 − 𝛷M     (2), 
where 𝛷B
e  and 𝛷B
h are the SBH for electrons (n-type) and holes (p-type), 𝐸𝐴 and 𝐼𝑃 are the 
electron affinity and ionization potential of the semiconductor. Considering FLP in MSJ, 𝛷𝐵 is 
determined by the energy difference between the Fermi level and the semiconductor band edges in 
the junction (as shown in Figure 1b and Figure 3b): 
𝛷B
e = 𝐸CBM − 𝐸𝐹 ;  𝛷B
h = 𝐸𝐹 − 𝐸VBM     (3), 
where 𝐸𝐹 is the Fermi level, and 𝐸VBM and 𝐸CBM are VBM and CBM of the projected band 
structure of semiconductor in the MSJ or MmSJ. In Eq. 3, the pinning effect is automatically 
included in first-principles self-consistent calculations. 
For monolayer MoS2 contacts with 3D metals, strong pinning at the metal-semiconductor (M-S) 
interface is formed. The FLP mainly originates from 1) the formation of interface electrical dipole 
due to charge transfer/redistribution at the M-S interface and 2) gap states (GS) from different origins, 
including metal induced gap states (MIGS) [32], interaction induced gap states (IIGS) [4], and 
defect/disorder induced gap states (DIGS) [16]. The DIGS can be neglected for high-quality ideal 
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interface. The existence of MIGS/IIGS and interface dipole pins Fermi energy to a certain energy 
level, making 𝛷𝐵 deviate from that in the Schottky-Mott limit. As a result, the pinning factor S gets 
a value between 0 and 1. For monolayer MoS2, the pinning factor S achieved two typical values in 
literature, 1) S ≅ 0.3 [4,27] resulted from high quality metal–MoS2 contacts without chemical 
disorder/defects at the M-S interface, and 2) S ≅ 0.1 [19,33] obtained from MoS2 with 
deposited/evaporated electrodes, which result in considerable defect states in the MoS2 band gap and 
finally lead to a very stronger FLP [34]. In summary, even with an ideal metal–MoS2 interface, 
strong pinning with a pinning factor of S ≅ 0.3 is often obtained. 
However, very recently, almost no pinning with a pinning factor S = 0.96 was reported in 
experiment [12] for multilayered MoS2 contacts with 3D metals. Considering the GS (include MIGS 
and IIGS) and interface dipole at ideal M-S interface, no pinning results can only be obtained in 
MmSJ with multilayered MoS2 but not MSJ with single layer MoS2. So, the mechanisms of 
depinning effect between layers of multilayered MoS2 must be taken into account, which go well 
beyond the FLP mechanism of monolayer MoS2. In the following, we probe the layer-number 
dependent pinning factor S and its origin.  
 
FIG. 2. Layer-number dependent pinning factor S in MmSJ. (a-d) Schottky barrier height and pinning factor S 
for MmSJ with 1L, 2L, 3L and 7L MoS2. Dots represent n-type Schottky barriers, and stars represent p-type 
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Schottky barriers. For junctions with multilayered MoS2, S increase a lot compared to the monolayer (1L) case.  
SBHs of metal–MoS2 junctions with different number of layers of MoS2 are shown in Figure 2. 
The SBHs is calculated by Eq. 3, which is derived from the band structure in MmSJ projected to 
MoS2 (See Figure 3b and Figures S2-4 and Table SIII in Supporting Information). From the SBHs, 
the Schottky pinning factors S are fitted by Eq. 1. The pinning factors S are 0.39, 0.62, 0.70 and 0.62 
for 1L, 2L, 3L and 7L MoS2, respectively. The S = 0.39 for 1L MoS2 is well below unity and implies 
that FLP at the M-S interface is strong. Using slab model with a smaller lattice mismatch for 
metal-1L MoS2 heterojunction, a pinning factor S = 0.26 was obtained (see calculation details in 
Section IV and discussions in Part V of Supporting Information). The S values are around 0.3, which 
is in consistent with previous theoretical results [4,15]. From monolayer to bilayer, a notable increase 
of S to 0.62 is found and the maximum S of 0.70 appears for trilayer MoS2. The S = 0.70 with trilayer 
MoS2 is much larger than that with monolayer MoS2, and is closer to the Schottky-Mott limit. For 
metal–1L MoS2 junctions in Figure 2a, all of the Schottky barriers (SBs) are n-type. In metal–
multilayered MoS2 junctions, p-type SBs appears for metals with larger work functions, such as Pt–
2L MoS2 in Figure 2(b). When the MoS2 layer-number is greater than 2, junctions with both Pt and 
Pd show p-type contacts (Figure 2c and 2d). The appearance of p-type contacts in Pt–7L MoS2 and 
Pd–7L MoS2 junctions is in good agreement with experiment [12].  
The larger S in junctions with multilayer MoS2, compared to that with monolayer MoS2, means 
that the overall pinning is weakened. But we found that in metal-multilayered MoS2 junctions, the 
pinning at the metal–1st-layer MoS2 interface are not weakened, the weakening of the overall pinning 
effect should be attributed to the depinning effect between the van der Waals MoS2 layers. In the 
following, we prove this point through two steps: we 1) present evidence of strong pinning in MmSJ 
with multilayered MoS2 and 2) show that this strong pinning occurs only at the metal–1
st
-layer MoS2 
interface; and we clarify that depinning occurs between MoS2 layers, which results in the appearance 
of the weakened overall-pinning. 
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B. Interface strong pinning but de-pinning between MoS2 layers 
 
FIG. 3. Micro-mechanism of pinning at Metal–1
st
-layer MoS2 interface and depinning between MoS2 layers. 
(a) Pinning effect MmSJ: comparison of SBHs between without pinning (from Schottky–Mott limit) and with 
pinning (from our first-principles calculation) for 1 to 7 MoS2 layers, using Pt–multilayered MoS2 contacts as an 
example. (b) Band structure projected to each layer of MoS2 in the Ag–7L MoS2 junction, the contributions from 
the 1
st
 to 7
th
 layers are marked with different colors. The n- and p-type SBH are labeled with 𝛷𝐵
𝑒  and 𝛷𝐵
ℎ, 
respectively. (c) Electron-density-difference along the vertical z-direction normal to the interface of Pt–2L MoS2 
junction. The metal-semiconductor (M-S) interface is shown with black dotted lines, and the semiconductor- 
semiconductor (S-S) interface is shown with red dotted lines. (d) MoS2-layer-averaged charge density difference 
ρ(z) in the Z-direction and electrostatic potential energy –eV(z) with the distance z from the metal surface [35]. The 
red and blue lines of ρ(z) and –eV(z) are schematic diagram based on Eq. 4 below; the blue dots are the 
first-principles calculation results from a Ag–7L MoS2 junction. 
The fact that the pinning effect exits in metal–multilayered MoS2 junctions can be demonstrated 
by considering the SBHs with and without pinning, which are shown in Figure 3a. Without pinning, 
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the SBHs satisfy Schottky–Mott limit which is calculated by Eq. 2. With pinning, the SBHs are 
calculated by Eq. 3, which depends on the projected bands of MoS2 in MSJ. Without pinning, the 
electron barrier (n-SBH) decrease slightly with the increasing of MoS2 layers (the change is within 
0.1 eV), while the hole barrier (p-SBH) decrease sharply from monolayer to bilayer, make the p-SBH 
from negative to positive (pass through the Fermi level and vanishing p-SBH). The sharp decrease is 
due to the big drop of bandgap, which is mainly due to the direct- to indirect-band gap transition with 
the number of MoS2 layers change from one to two [36]. With the pinning effect included (Figure 3a), 
both positive n-SBH and negative p-SBH appear in the Pt–MoS2 junctions. The n-SBH remains at 
~0.5 eV with the increasing of MoS2 layer-number, while that in the without pinning cases is ~1.4 eV, 
so there is a 0.9 eV difference for all n-SBH between with- and without-pinning cases. Compared 
with vanishing p-SBH in the without pinning case, the appearance of p-SBH with pinning 
demonstrates the existence of pinning in metal–multilayered MoS2 junction with the SBH deviation 
between two cases (with and without pinning). The 0.9 eV difference of n-SBH with- and 
without-pinning also confirms the pinning effect in MmSJ. 
As discussed before, when monolayer MoS2 contact with 3D metals, strong FLP at metal-MoS2 
interface is formed. The origin of FLP is GS and interface dipole. In Ag-7L MoS2 junctions and 
Pt-2L MoS2 junctions, the effects of GS (Figure 3b, and Figure S3 & S4) and interface dipole (Figure 
3c) on the first MoS2 layer are much stronger than that on the other MoS2 layers. As shown in Figure 
S3 & S4, GS appear in the band gap of MoS2, and this GS are mainly in the first MoS2 layer. There 
are two sources of GS in our ideal interface system, MIGS and IIGS. In our calculation, the 
equilibrium separation between Pt (111) surface and the first MoS2 layer is 2.56 Å (the sum of 
covalent bond radius of platinum and sulfur is 2.42 Å and that of the van der Waals radius is 3.85 Å), 
suggesting that the interaction between Pt and MoS2 is stronger than typical physical adsorption. The 
interaction of platinum-sulfur at interface weaken the intralayer sulfur-molybdenum bonding which 
finally induced the production of GS mainly composed of molybdenum d-orbital characters,
[4]
 this is 
the so-called IIGS. Apparently, this IIGS can only appear in the 1
st
-layer closest to metal surface. 
Another source is MIGS, which is described as a decay of metal wave function into the 
semiconductor. The MIGS decay into the first MoS2 layer and the vdW stacking of bilayer MoS2 
enhances the decay length of metal wave function [37]. As shown in Figure 3c for Pt-2L MoS2, the 
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charge transfer/redistribution at the metal-MoS2 interface is much larger than that at the MoS2-MoS2 
interface. It can be concluded that the interface dipole at metal-MoS2 interface is much larger than at 
MoS2-MoS2 interface, since interface dipole is caused by charge redistribution at interface. Under the 
effect of GS and interface dipole, strong pinning appears at metal-1
st
-layer-MoS2 interface. 
In Figure 3c, the analysis of differential charge density between the composite junction and the 
isolated subsystems, i.e. Δρ = ρPt/2L MoS2 − (ρPt + ρ2L MoS2) [4,38], is performed. At the Pt-MoS2 
interface, overall, Pt can be considered as gaining electrons while MoS2 lose electrons. There are 
several mechanisms that affect the charge redistribution [32], which leads to the complex situation as 
plotted in Figure 3c. The pushback effect played a major role [32]. When MoS2 approaches to Pt 
surface, the wave functions of the two subsystems overlap [32,39,40]. Pauli repulsion leads to a 
spatial redistribution of the electron density, in particular to a decrease of the density in the overlap 
region. Since Pt has reservoir of a large amount of electrons compared to MoS2, the wave functions 
of Pt are usually more extended and deformable, the net result of this redistribution is that electrons 
are pushed back into Pt. Therefore, Pt gains electrons and MoS2 loses electrons, thus forming an 
interface dipole pointing from Pt to MoS2. At the MoS2-MoS2 interface, the dipole direction is 
opposite to the Pt-MoS2 interface (pointing from the 2
nd
-layer to the 1
st
-layer), which produced a 
potential step and a depining effect between MoS2 layers in MmSJ. As shown in Figure 3c, at the 
MoS2-MoS2 interface, electrons deplete at the left side and accumulate at the right side, which 
creates a dipole. The opposite direction of dipole at the MoS2-MoS2 interface origins from the 
screening effect inside the first MoS2 layer. Note that the 1
st
-layer MoS2 is partial metallized due to 
GS and hence it can screen the dipole at the metal-MoS2 interface -- indeed an opposite dipole can be 
seen within the 1
st
-layer of MoS2 from Figure 3c. 
Depinning effect is confirmed by the barrier height 𝛷𝐵
𝑒 (𝑛) of the 𝑛th MoS2 layer, which 
varies with the layer-number 𝑛. The 𝛷𝐵
𝑒 (𝑛) of each MoS2 layer in Ag-7L MoS2 junctions are listed 
in Table I. The Schottky barrier in Ag–7L MoS2 junction is n-type and the SBH is 0.14 eV which is 
determined by the first MoS2 layer due to the first-layer contribute the CBM of 7L-MoS2 in Ag-7L 
MoS2 junctions. There is a gradual upward shift of CBM and increase of 𝛷𝐵
𝑒 (𝑛) for the MoS2 layers 
away from metal surface, and the most obvious increase occurs in the first several layers.  
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TABLE Ι. The Schottky barrier height 𝛷𝐵
𝑒 (𝑛) of the 𝑛th MoS2 layer in the Ag–7L MoS2 junction. ∆𝑉𝑛−1,𝑛 is 
the energy difference between CBM in adjacent layers, which shows the depinning between MoS2 layers.  
𝛷𝐵
𝑒 (𝑛) = CBM𝑛 − E𝐹; ∆𝑉𝑛−1,𝑛 = CBM𝑛 − CBM𝑛−1. (All values are given in eV) 
𝑛th MoS2 layer  𝛷𝐵
𝑒 (𝑛)   ∆𝑉𝑛−1,𝑛 
1
st
 0.14 -- 
2
nd
 0.30 0.16 
 
 
 
 
  
3
rd
 0.42 0.12 
4
th
 0.52 0.10 
5
th
 0.56 0.04 
6
th
 0.57 0.03 
7
th
 0.58 0.01 
 
As shown in Figure 3c, the charge density decays very fast (by an order of magnitude from the 
metal-MoS2 interface to the MoS2-MoS2 interface), but ∆𝑉𝑛−1,𝑛, which express the CBM difference 
between adjacent MoS2 layers and represent the change in electrostatic potential, decays much 
slowly (Table I) than charge density does. The reason can be found by using the Poisson equation 
below. The 𝑧-direction MoS2-layer-averaged charge density 𝜌(𝑧) and electrostatic potential 𝑉(𝑧) 
satisfy the one-dimensional Poisson equation [35]: 
∇[𝜀(𝑧)∇𝑉(𝑧)] = −
𝜌(𝑧)
𝜀
       (4), 
where 𝑧 is the distance from the electrode surface, 𝜀 is the dielectric constant of MoS2 and 𝜌(𝑧) 
is charge density, which includes the contributions from the energy level shift induced by charge 
transfer (or interface dipole), the energy level broadening (or IIGS) induced by interaction, and the 
MIGS, etc. Since 𝜌(𝑧) can be considered as the second-order derivative of 𝑉(𝑧), though the charge 
𝜌(𝑧) decays rapidly with distance 𝑧 from the electrode surface, while the potential energy −𝑒𝑉(𝑧) 
decays much slowly and hence affects several MoS2 layers, as shown in Figure 3b, 3d, and Table I.  
As mentioned above, there’s an n- to p-type contact transition in Pd and Pt junctions with MoS2 
layer-number change from monolayer to multilayer (Figure 2). Therefore, p-type contact is easier to 
be obtained in metal-multilayered MoS2 junctions, which is useful for 
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complementary-metal-oxide-semiconductor (CMOS) logic circuitry [41]. The transition is caused by 
both band gap decreases and the depining effect. It is well known that the band gap of MoS2 
decreases as the layer-number increases, and the biggest change occurs from monolayer to bilayer 
with bandgap transform from direct to indirect. In Figure 3a & 3b and Figure S5, CBM hardly 
changes with the increasing of MoS2 layers since CBM is contributed from the first MoS2 layer (with 
strong pinning) in metal-multilayered MoS2 junction. In metal-multilayered MoS2 junctions, the 
depinning effect of valence band is not so obvious (in Figure 1b) due to the indirect band character 
and band folding (see Figure S6).  
C. Universal route to type II band alignment 
 
FIG. 4. Type II band alignment between MoS2 layers. (a) Projected band structure to each layer of MoS2 in 
Pt-2L MoS2 junction. The first and second layers are shown by red and green dotted lines, respectively. (b) 
Geometric structure of Pt-2L MoS2 junction. (c) Illustration of type II band alignment between MoS2 layers, where 
red (green) indicates band edges from the first (second) layer. 
According to the bands alignments of 2D semiconductor van der Waals junctions, 
semiconductor junctions can be classified into three types, straddling gap (type I), staggered gap 
(type II) and broken gap (type III) [42]. Due to the depinning between MoS2 layers, type Ⅱ band 
alignment is achieved in MoS2 ‘homojunctions’ supported on metals, as shown in Figure 4. Taking 
2L MoS2 on Pt as an example, the CBM is contributed from the first MoS2 layer and VBM is 
contributed from the second MoS2 layer. It is worth noting that the band offset between the two 
MoS2 layers is due to ∆𝑉1,2, which is caused by the interface dipole pointing from the second MoS2 
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layer to the first MoS2 layer. This type II band alignment due to depinning between 2D 
semiconductor layers is universal in multilayered 2D semiconductors supported on metals and can 
apply straightforwardly to other 2D semiconductors supported on metals.  
3. Conclusion 
In summary, an extended Fermi-level pinning theory for MmSJ is proposed, the Schottky barrier and 
pinning factor S are both layer-number-dependent. The depinning between layers of vdW 
semiconductors in MmSJ results in the overall greatly weakened pinning, although strong pinning 
right at the metal–semiconductor interface. So, for the application to field effect transistors, Ohmic 
contact is relatively easy to obtain in MmSJ than in metal–monolayer 2D semiconductor junctions. 
Also due to depinning between 2D semiconductor layers, p-type contact, rarely obtained in 3D 
metal–monolayer 2D semiconductor junctions, becomes favored in MmSJ, which is useful for 
CMOS logic circuitry. The p-type contact with small/vanishing SBH is promising in MmSJ, by 
choosing large work-function metal and suitable multilayered 2D semiconductors [12]. Finally, the 
depinning between 2D semiconductor layers provide a new and universal route to type II band 
alignment (staggered band gap) for 2D semiconductor ‘homojunctions’ supported on metals, which 
is useful for optoelectronics due to the relatively easily obtained momentum space match [41] in 
homojunctions. Thus, our findings promote an emerging field, i.e. the layer-number engineering of 
2D semiconductors in MmSJ for electronics/optoelectronics, where layer-number is a new degree of 
freedom for manipulating the pinning factor and SBH in MSJ, and for tuning the band-alignments in 
metal-supported 2D semiconductor ‘homojunctions’. 
4. Methods 
Density-functional theory calculations are performed using the projector-augmented wave (PAW) [43] 
method as implemented in the VASP code [44,45]. A plane-wave cutoff energy of 500 eV was used 
to expand the valance electron wave functions. The surface Brillouin zone is sampled with a k-point 
grid spacing of 0.01 Å
−1
 [46]. The geometric positions of the atoms are relaxed until the forces on 
each atom are smaller than 0.01 eV/Å, and the electronic optimization stops when the total energies 
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difference of successive optimization loops smaller than 10
-4
 eV. We considered the influence of van 
der Waals (vdW) force by using optB88-vdW-DF [47-49], which offered a good performance 
compared with experimental results [50] for 2D semiconductors on metals.  
The metal–multilayered MoS2 junctions are composed of four layers of metal atoms (two 
outermost metal layers are fixed to preserve its bulk property) and 1L to 7L of MoS2. Details about 
the different atomic relaxations of the different systems are shown in Supporting Information part II 
“structural relaxation in metal-MoS2 junctions”. A vacuum region of 15 Å is added to minimize the 
interaction between adjacent slabs, and a dipole correction is applied to avoid spurious interactions 
between periodic images of the slab [51]. The calculated MoS2 in-plane lattice constant is a = 3.189 
Å, which is in agreement with experimental and theoretical values [32,52]. During relaxation, the 
metal surface-lattices are strained to match MoS2 (more discussions in Supporting Information) and 
the shape and size of the surface-cell is fixed with atoms fully relaxed [8]. Due to the very high 
computational cost for calculations containing 7L MoS2, we select √3 × √3𝑅30° MoS2 cells on top 
of 2 × 2 metal (111) surfaces for the five metal–MoS2 junctions with 7L MoS2, and in order to 
maintain the consistency, this small supercells are also used in junctions with layer-number of MoS2. 
We demonstates that the size of supercells did not affect our conclusion (that the pinning factor S 
increase with the increasing MoS2 layer number), more details are presented in part IV “effect of 
metal strain on pinning factor S” in Supporting Information. 
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